To identify novel genes involved in early mammalian folliculogenesis, we used the Unigene collection of mouse cDNA libraries to identify unique expressed sequence tags in a newborn mouse ovary cDNA library. Nobox (newborn ovary homeobox-encoding gene) was one of several genes identified by in silico (electronic database) subtraction. We cloned the mouse Nobox cDNA and characterized its genomic organization. The gene spans 14 kb and is encoded by eight exons. The Nobox gene maps to proximal chromosome 6 in the mouse, and we identified a portion of the human gene encoding a NOBOX homolog which resides at a syntenic position on chromosome 7q35. Reverse transcriptase polymerase chain reaction and Northern blot analyses show that Nobox is preferentially expressed in the ovary at high levels. In situ hybridization analysis demonstrates that Nobox mRNA is present in primordial and growing oocytes. Nobox is one of the first homeoboxencoding genes preferentially expressed during mammalian folliculogenesis. q
Introduction
Folliculogenesis in mammals is a complex process dependent upon both extraovarian and intraovarian factors. Within the mammalian ovary, oocytes play an important role in regulating folliculogenesis. To discover novel genes that may play important roles in gonadal development, we used publicly available expressed sequence tag (EST) databases Rajkovic et al., 2001) in the Unigene mouse sequences collection of the National Center for Biotechnology Information (NCBI). Here, we describe the discovery of Nobox (newborn ovary homeobox-encoding gene) which is preferentially expressed in oocytes of primordial through late follicles. Based on the gene expression pattern, Nobox may play an important role in oogenesis.
Results and discussion

In silico identification of a novel EST
The 7577 ESTs derived from a murine newborn ovary cDNA library were deposited in the Unigene database. We performed in silico (electronic database) 'subtraction' of the newborn ovary ESTs against the entire collection of ESTs. We identified more than 100 ESTs that were present in the newborn ovaries but absent in all other EST libraries. Semiquantitative reverse transcriptase polymerase chain reaction (RT-PCR) was used to determine tissue specificity of 26 selected ESTs, and seven of these ESTs were confirmed to be preferentially expressed in the gonads (Table 1) .
RT-PCR, Northern blot and in situ hybridization analyses
Oligonucleotides specific for the Nobox transcript amplified cDNAs derived from testes and ovaries (Fig. 1A) . The Nobox cDNA detects a 1.9 kb mRNA transcript exclusively in wild-type and growth differentiation factor-9 (Gdf9) knockout ovaries (Fig. 1B) . By Northern blot analysis, the Nobox mRNA is expressed at relatively higher levels in Gdf9 knockout ovaries which have a higher density of oocytes than wild-type ovaries due to a block at the primary follicle stage (Dong et al., 1996; Elvin et al., 1999) . We also performed in situ hybridization to localize Nobox transcripts within the gonads. In wild-type ovaries, Nobox mRNA expression was detected in oocytes from primordial through antral follicles but was excluded from granulosa cells, theca cells, and corpora lutea (Fig. 2) . Nobox mRNA is expressed in the Gdf9 knockout ovaries in oocytes of primordial and one-layer follicles. This pattern is exciting since Nobox and factor in the germline alpha (Figla) are among the few genes expressed specifically in testes and primordial and growing oocytes (Liang et al., 1997) .
Structural characterization and chromosomal mapping of the Nobox cDNA and mouse and human genes
Nucleotide sequence analysis of seven cDNAs yielded a consensus sequence of 1908 bp and a 527 amino acid open reading frame (Fig. 3A) . The Nobox gene has eight exons (Fig. 3B) , and splice sites are in agreement with consensus sequences (Table 2 ). Using the T31 Mouse Radiation Hybrid Panel (Research Genetics, Huntsville, AL, USA), Northern blot analysis of total RNA (15 mg) from adult mouse brain, heart, stomach, liver, spleen, kidney, uterus, wild-type (WT) ovary, Gdf9 knockout (2/2) ovary, testis, skeletal (sk.) muscle, and intestine. The membrane was hybridized with a Nobox cDNA probe spanning the coding region 3 0 of the homeobox domain (nucleotide residues 1000-1549 in Fig.   2A ). The probe was labeled as described previously (Elvin et al., 1999) . The 1.9 kb Nobox mRNA is shown. Hybridization to 18S rRNA (bottom) was used as a control for RNA loading. . AnF, antral follicle; PF, primordial follicle; 1F, onelayer primary follicle. In situ hybridization was performed as described previously (Albrecht et al., 1997; Elvin et al., 1999) . In brief, a 550 bp Spe I-Xho I digested fragment of the Nobox cDNA corresponding to nucleotide residues 1000-1549 was subcloned into pBluescript SK(2) and [a-35 S]UTP-labeled riboprobes were generated for in situ hybridization. No signal was detected with the sense probe in any of the ovary sections demonstrating the specificity of hybridization, and no specific signal was detectable above background in adult mouse testes (data not shown). Fig. 3 the Jackson Laboratory Mouse Radiation Hybrid Database (http://www.jax.org/resources/documents/cmdata/rhmap/ RHIntro.html), and the Genetic Location Database (LDB; http://cedar.genetics.soton.ac.uk/public_html/ldb.html), Nobox was mapped to mouse chromosome 6 between D6Mit76 and D6Mit271, a region syntenic to human chromosome 7q35. NCBI database analysis of human genomic sequences in this region revealed portions of five exons predicted to encode corresponding exons '2-6' of a human NOBOX homolog. The Chloride channel 1 and Caspase 2 genes flank both the mouse Nobox gene and the identified human NOBOX homolog gene. The five exonintron boundaries of the mouse and human genes were conserved, and in both cases, two introns (as opposed to the typical one intron) interrupt the homeodomain-encoding region. Overall identity of the mouse and human NOBOX homologs encoded by these five shared exons is 70% (211 out of 302 amino acids). These structural similarities suggest that we had identified the human NOBOX gene.
Amino acids 136-195 of the mouse NOBOX protein are predicted to encode a homeodomain based on the Pfam protein database (http://pfam.wustl.edu/hmsearch.shtml). The 60 amino acid homeodomain contains the seven amino acids (Fig. 3C ) conserved in the vast majority of homeodomains (De Robertis, 1994) . Human and mouse 'NOBOX' proteins share 92% identity in the homeodomain region. In contrast, the mouse NOBOX homeodomain shows #56% identity to other mammalian homeodomains, further suggesting that the mouse and human proteins are orthologs.
Portions of mouse Nobox exons two to six were previously characterized and labeled as OG2 by Rovescalli et al. (1996) who screened mouse genomic DNA with degenerate oligonucleotides in search of novel mouse homeobox-encoding genes (Rovescalli et al., 1996) . Interestingly, Cinquanta et al. (2000) further characterized another homeobox gene, Sebox, which was isolated during the same screen, and found to be expressed in brain, skin, two-cell embryos, and ovary (Cinquanta et al., 2000) .
In summary, we have characterized the structure, sequence, chromosomal position, and expression of a homeobox-encoding gene, Nobox, which is preferentially expressed in primordial and growing oocytes. Nobox therefore belongs to the group of tissue-specific homeobox genes and may play an important role in oogenesis and ovarian development. Transgenic studies will define its roles in these processes. Fig. 3 . Structure and characterization of the Nobox cDNA and gene. Using the 0.7 kb Nobox cDNA fragment based on the EST sequence information, we isolated Nobox cDNAs from a C57Bl/6/129/SvEv wild-type (WT) mouse ovary cDNA library as described (Dube et al., 1998) . A mouse 129/SvEv genomic library was also screened with the Nobox cDNA, and four positive genomic inserts were subcloned into pBluescript SK(2), and exons and exon-intron junctions were sequenced ( Table 2 ). The predicted nuclear localization signal was determined by Predict NLS Online (http://cubic.bioc.columbia.edu/cgi/var/ nair/resonline.pl). (A) The full-length Nobox cDNA sequence and predicted amino acid sequence of the NOBOX protein. The initiator ATG and stop codon TAA are boxed, and the polyadenylation signal is underlined. The homeodomain region is double underlined. A putative proline-rich site for binding to an Src Homology 3 (SH3) domain (amino acids 273-280) of unknown function is single underlined. A predicted nuclear localization signal (NRRAKWRK) within the homeodomain is shaded. The mouse Nobox cDNA sequence has been deposited in GenBank under the accession number AY061761. The MGI symbol accession number for Nobox is MGI:2135648. (B) Structure of the mouse Nobox gene. The lengths of the eight exons and introns are shown in Table 2 . The homeodomain region is split between three exons and is represented by black boxes. The possible site for binding to an SH3 domain is represented by a gray box. H, HindIII; X, XhoI; E, EcoRI. (C) Comparison of homeodomains. Mouse NOBOX (mNOBOX) is compared to human NOBOX (hNOBOX) and related homeodomains. Bars indicate homeodomain amino acid identity with mNOBOX. Asterisks show amino acids residues that are conserved and identical in all of these homeodomains. Arrows designate the seven amino acids conserved in the vast majority of all homeodomains. mARX, mouse aristaless-related homeobox (Miura et al., 1997) ; mPAX3, mouse paired box protein-3 (Epstein et al., 1991) ; mPIX3, mouse pituitary homeobox-3 (Semina et al., 1997) ; mPMXA, mouse paired mesoderm homeobox protein 2A (Valarche et al., 1993) ; mPMXB, mouse paired mesoderm homeobox protein 2B (Pattyn et al., 1997) ; dAL, Drosophila aristaless (Schneitz et al., 1993) . a Exon and intron sizes are given in base pairs. Intronic and exonic sequences are shown in lower-case and upper-case characters, respectively. The first and last two bases of the introns (gt and ag for donor and acceptor splice sites, respectively) are shown in bold and underlined.
